Abstract: The Solow Residual has a direct interpretation as a measure of technical change under perfect competition and constant returns to scale. When these conditions do not hold, the residual has to be appropriately adjusted in order to be considered a correct measure of technical change. We argue that in extractive industries the Solow Residual is also affected by the continuous depletion of a non-renewable resource. Therefore, we provide a new decomposition of the Solow Residual for extractive industries in which the level of reserves is likely to affect extraction costs. Our empirical results illustrate the role played by the depletion of reserves in the measurement of productivity of coal mining in Spain.
Introduction
The steady supply of energy products plays an important role in economic activity and the price of energy is often the cause of growth spurs and economic slowdowns.
Productivity growth in energy industries is important to guarantee both a steady supply and low prices. The bulk of energy requirements is satisfied by oil and natural gas.
However, coal covers 15% of primary energy requirements in Spain, of which 30% is domestically produced (Ministerio de Industria, Turismo y Comercio, 2005) . Moreover, coal mining in Spain has many peculiarities regarding geographic concentraction of the activity, mining system, coal quality and extraction costs (Colegio Oficial de Ingenieros de Minas del Noroeste de España, 1987) . These features have stimulated interest in the evolution of coal mining productivity in Spain.
In a sense, coal mining is a special industry. Indeed, obtaining output (coal extracted)
is not only a question of applying inputs efficiently but also depends on the characteristics of a non-renewable natural resource. For example, Harris (1993) shows that the characteristics of natural resources (reserves and geological characteristics) affect extraction costs and efficiency. Kulshreshtha and Pariskh (2002) show that coal mining productivity depends on the system of extraction (opencast or underground). A recent paper by Pickering (2007) analyzes the relationship between oil reserves and production. We add to the literature on productivity of coal extraction by analyzing the role of coal reserves in the measurement of productivity. We claim that the depletion of coal reserves can hide the extent of technical change in this industry. The idea is quite simple: decreasing reserves levels are likely to increase the cost of extraction while technical change contributes to decrease extraction costs. Since both effects occur simultaneously it might be difficult to determine the relative magnitude of each effect. In a more technical tone, the claim amounts to proposing an additional correction to the Solow Residual to take account of changes in the level of reserves. The Solow
Residual is a correct measure of technical change under a concrete set of assumptions and has to be adjusted in an appropriate manner when these assumptions do not hold.
The structure of the paper is as follows. In section 2 we briefly discuss the measurement of technical change. We review some methodological issues related to the measurement of technical change using cost functions in section 3. In section 4, we illustrate the effects of including mineral reserves on productivity with an empirical application to coal mining in Spain. Some conclusions are provided in section 5.
The measurement of technical change
Divisia indexes, widely used in the analysis of productivity, measure the growth rate of an aggregate. For this purpose, the growth rates of the components of the aggregate are weighted by the share of each component in the aggregate and summed. For a multiple-output technology, a Divisia index of aggregate output ( Q & ) can be written as:
where Q j is the quantity of the j-th output, P j is the price of the j-th output,
is total revenue and 
where X i is the quantity of the i-th input, W i is the price of the i-th input,
is the growth rate of the i-th input. Finally, the Divisia index of Total Factor Productivity growth can be obtained as:
This index, referred to in the literature as the Solow Residual (Hartley, 2000; Raa and Mohnen, 2002) , measures the changes in the output aggregate not explained by changes in the input aggregate. Solow (1957) 
The result in (5) shows that the Solow Residual can be interpreted as a shift of the production function not attributable to changes in inputs but to technical change.
Alternatively, under cost minimization and some regularity conditions, the technology can be represented by the dual cost function (see Shephard (1953 ), Uzawa (1964 and McFadden (1966 McFadden ( , 1978 
where C is total cost and the W i 's are input prices. Under constant returns to scale and at a competitive equilibrium in the product and factor markets it can be shown that:
Therefore, the Solow Residual can also be interpreted as a shift of the cost function not attributable to changes in input prices or output quantity but to technical change.
The use of the Solow Residual as a measure of technical change relies on a number of simplifying assumptions. If these assumptions do not hold the residual has to be corrected accordingly. The effects of non-constant returns to scale and the violation of the various conditions necessary for long run competitive equilibrium have been analyzed empirically (Denny, Fuss and Waverman, 1981; Bauer, 1990; Morrison, 1992 and Boscá, Escribá and Murgui, 2002) . The Solow Residual is based on the idea that changes in the amount of output that can be produced with a given amount of inputs can be attributed only to technical change.
However, we claim that this idea has to be qualified in the extractive industries where the extraction of natural resources is affected by the level of its reserves. In this case, the available technology defines which outputs are feasible given a set of inputs but the level of resource depletion also plays a role. The reason is that with increasing resource depletion less output is produced for given inputs or, alternatively, more inputs are necessary to extract a given quantity of mineral. The relationship between the level of reserves and extraction costs has been analyzed by Zimmerman (1981) , Harris (1990) and Epple and Londregan (1993) . However, to the best of our knowledge the analysis of the effects of the level of reserves of natural resources on the Solow Residual has not yet been analyzed. This is the objective of the present paper 1 .
Dual estimation of the Solow Residual in extractive industries
In this section we outline a suitable correction of the Solow Residual in a cost function framework when the simplifying assumptions do not hold. In an empirical setting, it is reasonable to expect that some inputs can not be changed instantaneously when input prices change. In this case, the industry is in a short run instead of a long run competitive equilibrium. It is also frequent to observe decreasing or increasing returns to scale. Moreover, we make the case for the inclusion of a correction for the effects of the depletion of reserves of natural resources.
A measure of productivity in coal mining starts with the production function:
where Q is the output obtained with three variable inputs: Employment (X L ), Energy (X E ) and Materials (X M ); a quasi-fixed input, Capital (X K ); the technology (t); and a level of reserves of the natural resource denoted by R. Under certain regularity conditions of the production function (Lau, 1976) and under the assumption of cost-minimizing behaviour there is a dual variable cost function that contains all relevant information about the technology and which can be represented as:
where VC denotes variable cost and W L , W E and W M are the input prices of labour, energy and materials. The total cost function can be written as:
where W K is the user cost of capital.
Next, we extend previous results by Denny, Fuss and Waverman (1981) , Bauer (1990) , Morrison (1992) , De la Fuente (1999) and Boscá, Escribá and Murgui (2002) to take into account the role of reserves of non-renewable resources 2 .
Differentiating with respect to time the log of total cost we have that: On the other hand, computing the rate of change of total cost using the cost identity we have that:
, , ,
Combining, (11) and (12) the rate of change of the input aggregator can be written as:
Finally, the Solow Residual is:
Following De la Fuente (1999) and Boscá, Escribá and Murgui (2002) the cost elastiticy ( CQ ε ) can be written in terms of Capacity of Utilization (CU) and returns to scale (RS).
Capacity of Utilization is defined as: , , ,
Finally, it can be easily shown that:
Therefore, expression (14) can be written as:
Expression (19) The literature on non-renewable natural resources makes a distinction between proven reserves -a physical measure of the quantity of resources -and reserves defined as the portion of a known resource recoverable under current economic conditions (Harris, 1993) . The idea is that at some point in time t, there are n known deposits of coal, C R t = {c 1t , c 2t , ..., c nt }, where p out of the n deposits, R t = {c 1t , c 2t , …..,c pt }, contain minerals recoverable under current economic conditions and p-n are deposits which are not recoverable, R t '={c p+1t , c 2t , …..,c nt }. The set R t corresponds to the definition of recoverable reserves while C t is akin to the concept of proven reserves. Data on the level of reserves (R t ) are usually obtained through indirect methods. Harris (1993) mentions two different approaches. The first method consists of making an inference about the level of reserves based on geological information. The second method is to make an inference about the level of reserves based on the relationship between the level of production of the industry and the level of reserves. To the best of our knowledge, there is no annual estimation of R t in Spain. However, the yearbook of the we have data on the quantities of coal mined from 1974 to 2001. As a result, an annual time series of reserves can be estimated using the following expression:
where R t denotes coal reserves in year t and (Q 1 , … , Q t-1 ) the quantities of coal mined in previous periods of time. R 0 can be calculated using the reserves in any given year (e.g. 1982) and the amount of coal mined in previous years. The basic simplifying assumption contained in expression (20) is that coal extraction is the main force in the evolution of reserves while new discoveries are not very relevant. This assumption is not unrealistic in the case of coal mining in Spain 4 .
We estimate a variable cost function using data on coal production, input prices and Table 1 . The user cost of Capital (W K ) is defined as:
where W K0 is the user cost of Capital in the base year and I t is an index of price of machinery. In turn, the user cost of Capital for the base year is calculated as:
where S 0 is an estimate of the value of the stock of Capital in the base year (Gómez Villegas, 1987) , r is the interest rate, d a depretiation rate and H 0 is the stock of capital in the base year measured as hours of machinery use. Basically, we are calculating a user cost for the stock of capital measured in hours. The interest rate of the base year is 12%. This was the average interest rate charged then to mining firms for medium and long term loans. We have chosen the rate of depreciation provided for tax and accounting purposes in the mining industry by the Ministry of Economy of Spain. As is always the case in empirical applications, the choice of r and d is driven mainly by data availability.
Variable and Total Cost include only items directly related to coal extraction and do not include other costs (e.g. marketing costs). We believe that extraction costs are more likely to be affected by changes in productivity than non extractive costs.
The Translog functional form has been used in the estimation. This is a flexible function form used previously by Brown and Christensen (1981) and Berndt and Hesse (1986 
where i,j refer to the three variable inputs -Labor (L), Energy (E) and Materials (M) -while R is the measure of reserves in expression (20). All variables in the translog cost function are in natural logarithms with the exception of the time trend (t) and the measure of reserves (R) 6 . This practice is standard for the time trend since the passing of time (and not its "growth rate") is the interesting feature here. We have adopted the same approach for the level of reserves since we believe that we have a more precise measure of the absolute change in reserves (observed coal extraction) than of the growth rate (which depends on the estimated level of reserves).
Using Shephard's lemma in equation (23) we have that:
where S i denotes the cost share of input i. Moreover, we consider the following equilibrium condition:
This equation imposes optimizing behaviour in the output market (Morrison and Schwartz, 1996) . The system of equations (23), (24) and (25) is estimated after imposing parametric restrictions of symmetry and homogeneity of degree one on input prices. The share equation of materials is dropped to avoid singularity of the system.
Prices and Variable Cost have been divided by the price of Materials to impose
homogeneity of degree one on input prices of the cost function. As a result, the coefficients associated with the price of Materials are not estimated directly although they can be estimated easily using the parametric restriction implied by the linear homogeneity restriction. The resulting system of equations is estimated by Iterative Seemingly Unrelated Regression (ISURE). This method provides consistent estimates of the parameters of the system. Kmenta and Gilber (1968) show the computational equivalence of ISURE and maximum likelihood. Barten (1969) shows how the parameter estimates of a system of equations estimated by maximum likelihood do not depend on which equation is omitted.
The estimation produced a number of coefficients not significantly different from zero.
Moreover, we could not reject the null hypothesis that the non significant coefficients of the quadratic terms were jointly different from zero. Therefore, in order to deal with what looks like a multicollinearity problem we decided to re-estimate the cost function without the quadratic terms whose coefficients were jointly non significant. The final results of the estimation are shown in Table 2 . (Durbin, 1957; Malinvaud, 1970) . The decomposition of the Solow Residual following equation (19) is shown in Table 3 .
The four components of TFP & in equation (19) are shown in the first four columns of Table 3 while the estimated value of TFP & appears in the fifth column. The results show that, in each year, non-optimal allocation of fixed factors, non-constant returns to scale and resource depletion have sizeable effects on the Solow Residual. Therefore, they should be taken into account for a correct measure of technical change. The last row of Table 3 This component increases in absolute value until 1984 and decreases thereafter. This result is driven mainly by the effect of decreasing output in our measure of reserves. A reduction in production implies a reduction, in absolute value, of the negative growth rate of reserves.
Finally, the average value of the growth rate of the Corrected Solow Residual (5.19%) is larger than the average value of the traditional Solow Residual (4.46%). However, the null hypothesis of both means being equal can not be rejected using a paired t test at conventional levels of significance 8 . In the present empirical exercise, the difference between the Corrected and traditional Solow Residual caused by decreasing reserves is obscured by the small but positive effects of fixed factors and scale of operation.
The average growth rate of the corrected Solow Residual (5.19%) indicates that technical change has been quite intense in the period analyzed. In fact, production (coal extraction) grew at an average annual rate of 1.56% while employment and fixed
Capital decreased substantially (-5% and -0.86% respectively).
Conclusions
The analysis of productivity in mining requires special care due to the likely effects of depletion of reserves on extraction costs. As a result, it is reasonable to expect that the measure of productivity change might be affected by the evolution of reserves.
7 Using a t test, the null hypothesis of the population mean being equal to zero can be rejected at the 1% significance level. However, the observations are the result of quite involved computations using yearly data. This feature of the series cast some doubts on the independence of the observations. The development of a specific statistical test is beyond the scope of the present paper. 8 The results of the paired t test are likely to be affected by the statistical problems described in the previous footnote.
The analysis in the present paper unveils an interesting issue: measured technical progress is affected by the depletion of reserves that increasingly impedes coal extraction. We find that the depletion of natural resources requires an annual increase of input use of 1.29%.
The results in the present paper show the importance of correcting the Solow Residual for the effects of coal reserves on extraction costs. It is reasonable to expect that such a correction is necessary in any extractive industry in which the level of reserves is likely to affect extraction costs. The results of the estimation show that other corrections of the Solow Residual due to non-constant returns to scale and non-optimal allocation of fixed inputs are also necessary. However, the magnitude of both corrections is quite small.
Finally, we conclude with some policy consequences of the results in the present paper. First, resource management is important not only on environmental grounds but also in terms of its consequences for the productivity of the industry. Second, the relevance of reserves for productivity suggests the convenience of gaining a better knowledge of reserves. Third, the results in the paper indicate quite intense technical change in coal mining in Spain. The magnitude of technical change in this sector is usually obscured by the role of decreasing reserve levels. We believe that this insight has been largely overlooked in the design of coal mining policy in Spain.
The rate of change of Total Factor Productivity can be written as:
where the dot over a variable denotes rate of change of that variable. The input aggregator can be written as:
where
is the cost share of input i. The total cost identity can be written as: , , ,
Differentiating the cost identity with respect to time we have that:
The rate of change of total cost can be written as:
The total cost function can be written as:
Differentiating the total cost function with respect to time we have that:
, ,
Applying Shephard lemma's in expression (A1.7) and rearranging terms we have that:
is the shadow price of capital. The rate of change of total cost can be written as:
( ) , , ,
where CQ Q h C Q ε ∂ = ∂ . Using (A1.5) and (A1.9), we have that:
Finally, the rate of change of total factor productivity can be written as:
The variable cost function can be defined as:
, , , , ,
The associated lagrangian is:
The F.O.C. are:
A straightforward application of the envelope theorem gives the following results:
The shadow price of capital Z K can be defined as:
The index of capacity utilization (CU) is defined as:
where:
Using in (A2.6) the F.O.C in (A2.3) and the envelope theorem results in (A2.4), we obtain:
Rearranging terms we have that:
where CQ ε is the output cost elasticity and RS is the elasticity of scale, a measure of returns to scale obtained by adding-up the output elasticities of the four inputs in the production function.
